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Costs and benefits of satellite-based
tools for irrigation management
Francesco Vuolo*, Laura Essl and Clement Atzberger
Institute of Surveying, Remote Sensing and Land Information, University of Natural Resources and Life Sciences, Vienna,
Austria
This paper presents the results of a collaborative work with farmers and a cost-benefit
analysis of geospatial technologies applied to irrigation water management in a semi-arid
agricultural area in Lower Austria. We use Earth observation (EO) data to estimate crop
evapotranspiration (ET) and webGIS technologies to deliver maps and irrigation advice
to farmers. The study reports the technical and qualitative evaluation performed during
a demonstration phase in 2013 and provides an outlook to future developments. The
calculation of the benefits is based on a comparison of the irrigation volumes estimated
from satellite vs. the irrigation supplied by the farmers. In most cases, the amount of
water supplied was equal to the maximum amount of water required by crops. At the
same time high variability was observed for the different irrigation units and crop types.
Our data clearly indicates that economic benefits could be achieved by reducing irrigation
volumes, especially for water-intensive crops. Regarding the qualitative evaluation, most
of the farmers expressed a very positive interest in the provided information. In particular,
information related to crop ET was appreciated as this helps to make better informed
decisions on irrigation. Themajority of farmers (54%) also expressed a general willingness
to pay, either directly or via cost sharing, for such a service. Based on different cost
scenarios, we calculated the cost of the service. Considering 20,000 ha regularly irrigated
land, the advisory service would cost between 2.5 and 4.3 e/ha per year depending on
the type of satellite data used. For comparison, irrigation costs range between 400 and
1000 e/ha per year for a typical irrigation volume of 2000 cubic meters per ha. With a
correct irrigation application, more than 10% of the water and energy could be saved in
water-intensive crops, which is equivalent to an economic benefit of 40–100 e/ha per
year.
Keywords: earth observation, evapotranspiration, webGIS, mobile application, irrigation advisory service, cost-
benefit
Introduction
Irrigated agriculture is the main user of freshwater resources (WWAP, United Nations World
Water Assessment Programme, 2015). Recent studies show that many large aquifer located
in agricultural regions are exposed to stress conditions due to intense exploitation combined
to a slower rate of recharge (Richey et al., 2015b); our knowledge about the total amount
of water stored and the resilience of these systems is often limited (Richey et al., 2015a).
Hence, efficient irrigation management is vitally important, especially within the growing
context of challenges such as increased use of groundwater and water quality degradation
(OECD, 2012). While agricultural decisions are often made solely on the basis of a farmer’s
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experience and at individual level, today the farming sector is
expected to deliver food security, environmental sustainability,
and create new economic opportunities (WEF, 2013). This
requires not only improved efficiency at farm scale but also
tools that allow water management and monitoring on a larger
scale. With a 70 per cent share of worldwide water withdrawals,
improved efficiency of water application and management is
expected to result in a major step toward more sustainable water
usage (WEF, 2013).
The potential of Earth observation (EO) techniques to support
irrigation water management is now widely recognized: high
spatial resolution satellite images are well-suited to monitor the
spatial and temporal distribution of crop development and to
derive crop evapotranspiration (ET) at field scale with a regional
coverage (Choudhury et al., 1994; Bausch, 1995; Courault et al.,
2005; Verstraeten et al., 2008; McMahon et al., 2013). However,
the adoption of these technologies and the integration into the
day-to-day routine operations of farmers is a complex process
and favorable conditions depend on several technical, social, and
economic factors (Baptista, 2006).
A commonly used approach to produce maps of ET in
operational frameworks relies on the methodology proposed
by FAO in 1998 (Allen et al., 1998; Task Committee on
Standardization of Reference Evapotranspiration, 2005). The
approach requires local agro-meteorological data for the direct
application of the Penman-Monteith (P-M) equation, with EO-
based estimates of albedo (r) and Leaf Area Index (LAI) (D’Urso
andMenenti, 1995; D’Urso, 2001; D’Urso et al., 2010; Vuolo et al.,
2015a). The minimum satellite data requirements to apply this
approach are multispectral observations in the visible (VIS) and
near-infrared (NIR) spectrum. Such data are available with the
appropriate frequency and spatial resolutions. Suitable satellite
platforms are for instance Landsat-8 (U.S. Geological Survey—
USGS—and NASA) which provides free data within less than
24-h of acquisition. In an operative scenario, Landsat-8 is often
combined with commercial satellite data to achieve a temporal
resolution of about 7–10 days between acquisitions, which is
adequate to monitor the various phases of the crop development
throughout the growing season. The availability of free and open
access data for commercial use is expected to improve with the
Sentinel-2 mission (Drusch et al., 2012), developed by European
Space Agency (ESA) within the Copernicus initiative.
Several research projects have facilitated the advancement
of readiness levels pertaining to the application of space
technologies to water resource management. The first concept
of satellite-based irrigation advisory services was designed in
the context of the DEMETER EU-project in 2005 (D’Urso
and Belmonte, 2006; Osann Jochum, 2006). It was successively
improved and automatized to meet the requirements of
individual farmers with personalized weekly irrigation advices
by using Short Message Services on mobile phones1 (Vuolo
et al., 2006; De Michele et al., 2009). The development of
advisory services based on webGIS platforms has been initially
developed within the PLEIADeS2 EU-project and further tested
1www.irrisat.it
2www.pleiades.es
in SIRIUS3. The methodologies have been validated during
several experimental field campaigns (Rubio, 2006; D’Urso et al.,
2010; Vuolo et al., 2013) showing a strong potential and good
transferability to different contexts.
In Lower Austria, the region of Marchfeld is one of the major
crop production areas. Water resource management is a real and
tangible issue in this region. Due to the shortage of precipitation
and the semi-arid regional climate, after the Second World War
farmers began to intensify crop production by irrigation with
groundwater. Today most of the cultivated land in Marchfeld is
equipped with irrigation infrastructures. Groundwater is shared
with urban and industrial sectors, leading to high pressure on
the quantity and quality of resources. The increased demand
for high quality food, sustainable local production, and market
development strategies is stimulating the application of tools for
more efficient and effective irrigation water use (Cepuder, 2004).
Tests have been carried out to regulate irrigation based on soil
water content measurements performed at plant or field scale
(Cepuder and Nolz, 2007). However, the widespread application
of soil water content sensors that can support the decision
making process is hampered by investment and maintenance
costs. Generally, the information available to help in the decision
process is based only on agro-meteorological data that does not
account for the large spatial variability of crop development, soil
conditions, and agronomic practices.
This work presents the results of a demonstration campaign in
the Marchfeld region (conducted in May–September, 2013) and
evaluation with users. First, we compared the irrigation volumes
estimated from satellite and the irrigation supplied by the farmers
to calculate the efficiency of water use. Second, during and after
the irrigation season, we assessed the service with the users based
on questionnaires and meetings. The results of this qualitative
evaluation provided an indication of the usefulness of the
information in relation to the user needs. Finally, we developed
a cost and benefit analysis and evaluated the willingness to pay
for the information generated by the project. This study reports
preliminary results of the evaluation. It also introduces the
information technologies and webGIS solutions used to provide
the service and presents future steps for implementation.
Material and Methods
Pilot Area
Implementation and evaluation activities were carried out in
the years 2012–2013 in the framework of a case study in the
Marchfeld region (Lat. 48.20◦N, Long. 16.72◦E), Lower Austria
(Figure 1). In this region of about 60,000 hectares, irrigation
water is sourced mainly from private well via electric or diesel
pumps. Irrigation water accounts for up to 60 per cent of the
total freshwater use4. Irrigation is regularly performed (using
sprinkler systems) during the cropping period for intensive crops
(i.e., sugarbeet, potatoes, and various vegetables), and during the
dry periods for semi-intensive crops (such as cereals, oilseed,
and maize). The climate in Marchfeld is semi-arid with annual
3www.sirius-gmes.es
4www.marchfeldkanal.at/home.htm
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FIGURE 1 | Configuration of the Landsat-8 and DEIMOS-1 acquisitions
over the test site of Marchfeld (yellow polygon). The black dots indicate
the location of the two weather stations.
precipitations of less than 550mm (about 250–300mm fromMay
to September). The soil conditions are characterized by a high
spatial variability, including soils with low to moderate water-
storage capacity (Rischbeck, 2007; Thaler and Eitzinger, 2008;
Eitzinger et al., 2009).
Methodological Background for the Estimation of
Crop Water Requirements
The approach for the calculation of crop ET using satellite
observations was developed by (D’Urso and Menenti, 1995),
based on Penman–Monteith (P–M) equation as implemented in
the FAO-56 procedure (Allen et al., 1998). A detailed description
of the methodologies for the generation of maps of crop ET
and crop water requirements (CWR) was recently reported in a
comparative study in different pilot areas (Vuolo et al., 2015a).
The model considers the canopy as a “big leaf,” with a surface
area expressed by the LAI, a crop height hc and a hemispherical
spectrally integrated albedo r. LAI and albedo (r) maps can be
obtained using atmospherically corrected multi-spectral images.
To calculate crop ET, themodel also required daily values of main
agro-meteorological variables (i.e., temperature, solar radiation,
wind speed, and air humidity) obtained from local weather
stations. The ratio of crop ET to the reference ET (ET of the
hypothetical grass reference crop i.e., hc = 0.12m; r = 0.23,
and LAI = 2.88) leads to the crop coefficient (kc), which is
often used in irrigation management. The CWR is calculated
by subtracting the rainfall from crop ET. Depending on user
requirements, the calculated CWR is further aggregated over
different temporal (e.g., weekly) and spatial (e.g., individual
parcels) scales. The information is then transferred to farmers
for irrigation management using webGIS and mobile phone
technologies.
The most critical point in the data processing chain is
the successful acquisition of cloud-free satellite images. A first
estimation of the availability of adequate data over our pilot
area was carried out using the revisit time map created for the
Sentinel-2 mission planning (Martimort et al., 2007). According
to this map, the constellation of the two Sentinel-2 satellites (the
first satellite was successfully launched in June 2015) would be
able to acquire cloud-free images in summer every 5 days in areas
with clear-sky conditions (as in Southern Europe) and every 15–
30 days in cloudy areas. For our geographic location, cloud-free
images would be available approximately every 10–15 days (with
two satellites in operation). Sentinel-2 data will be available with
global coverage as well as free and open access for the European
and international users, therefore there will be a high potential
for application in Europe and in other regions. Moreover, the
combined use of Sentinel-2 and Landsat-8 will further increase
the opportunities to acquire cloud-free scenes with adequate
temporal resolution.
Waiting for a fully operational Sentinel-2 mission, our
development and initial operations activities have been based on
existing free and commercial satellite sensor data. In particular,
the Marchfeld region is located in the overlapping area between
two Landsat orbits (Figure 1); within this area, Landsat achieves
a revisit time of 8 days, which is usually not sufficient to
produce cloud-free scenes with the required temporal interval.
Therefore, our approach was to use the commercial satellite
DEIMOS-1 (featuring an image swath of 630 km and a ground
sampling distance of 22m)5 in a virtual constellation of satellites
with Landsat-8. DEIMOS-1 acquisitions were tasked during the
campaign to complement Landsat-8 in case of cloud cover.
Thanks to its large image swath, DEIMOS-1 can theoretically
achieve a revisit time of 1–3 days. Based on this strategy, we
obtained cloud-free acquisitions every 15 days (average value
during the irrigation season) in 2013. An overview of the images
acquired in the year 2013 is provided in Figure 2. By using
Landsat-8 images in addition to DEIMOS-1 data, substantial cost
reductions were achieved.
Agro-meteorological variables were measured using wireless
weather stations at two different sites located in the southern and
northern part of the pilot area (black dots in Figure 1). Reference
ET was calculated according to the FAO-56 standards and made
available twice a day: we provided a first forecast at midday and
updated it with the actual value at midnight. In this way, farmers
could calculate the water requirement already for the current
day. All meteorological data were recorded and stored on a 15-
min basis; reference ET was calculated on an hourly basis and
aggregated to daily values.
Delivery of the Information
Experience gained in past projects revealed that decision support
tools have to be easy-to-use, reliable and correctly embedded
into irrigation routine operations of farmers. Otherwise, it is not
5www.deimos-imaging.com/
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FIGURE 2 | Near-infrared color composite of a time series of DEIMOS-1 and Landsat-8 images over Marchfeld in the year 2013. Four more cloud-free
Landsat-8 scenes were available on May 1st, September 6th, October 1st and 8th.
possible to achieve successful and effective use of maps and other
provided data. Several information technology solutions are
possible, based on spatial online data analysis and visualization
systems with dynamically interactive graphics display for
decision-support or personalized information sheet. We used an
existing and consolidated webGIS solution implemented in past
projects in Italy in the context of an operative irrigation advisory
service (Irrisat) and made available for the purpose of the project.
The webGIS system is the main repository for the maps and
irrigation advices, which are published on a timely basis, with
access restricted to individual farmers for their parcels. Figure 3
shows the mapping panel of the webGIS that provides tools to
browse and query maps and to display the boundaries of the
irrigation units. A data frame (right panel, Figure 3), provides
the plot details (crop type, irrigation method) and the temporal
series of crop ET, effective rainfall, and irrigation requirements.
The dictionary, units and style of maps of the existing webGIS
system were adapted to the local conditions and deployed for
demonstration in Marchfeld.
Evaluation
The demonstration campaign conducted in the year 2013
provided the framework for evaluation that was achieved at
different levels.
First, we compared the satellite-derived irrigation volumes
with the irrigation supplied by the farmers. The volumes of
supplied water for each irrigation unit were directly reported
by the farmers based on their measurements. In total, we
received 46 irrigation reports. These volumes were aggregated
to an adequate temporal scale (based on the time of irrigation)
and compared to the CWR estimated from satellite. For this
comparison, we used the time interval between the first and
last irrigation during the period covered by satellite images.
These data were further summarized to calculate the Total
Crop Water Use Indicator (IP) that expresses the adequacy
of water supplied compared to the water requirements (water
supply/water demand). A value greater than 1 indicates that the
amount of water supplied is higher than the potential water
needed.
Second, during and after the irrigation season, a qualitative
evaluation with the users was achieved. The main aim was to
get insight into the user’s perspective and gain knowledge about
the expectations, needs and problems of the farmers relating to
the use of the information and tools provided. Our approach
was to turn existing issues into opportunities to further improve
the functionality of the system. Therefore, we worked closely
with a core group of farmers who tested the system during
a demonstration campaign (May–September, 2013). Personal
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contacts were established before the campaign by visiting farmers
at their place or by keeping regular contact by telephone.
During the irrigation season, farmers had different options to
provide their feedback and to get help in case of problems:
they could either call the project team or participate in one
of the monthly group meetings. If the problem was not solved
by phone, personal visits were conducted. At the end of the
irrigation season (October 2013), all farmers were visited again
personally to collect their final feedback and their perception
of problems and benefits. For this purpose, a semi-structured
questionnaire was developed and compiled during face-to-face
interviews with each of the farmers. It aimed at capturing
information connected to the use of the system (frequency of use,
benefit, problems), but was kept open to leave space for personal
comments.
Finally, we developed a cost and benefit analysis for different
data cost scenarios and evaluated the willingness to pay for the
information generated by the project. The benefits were classified
in two main categories according to the approach proposed
by (Wichelns and Oster, 2006), which differentiates between
farm-level benefits and the social cost-benefit of irrigation
management. In this paper, we focus only on farm-level benefits.
A qualitative description of the benefit was based on the
analysis to the semi-structured questionnaire and measured by
the willingness of the farmers to pay for the service. Table 1
summarizes the benefits and possible valuation methods.
FIGURE 3 | Example of webGIS interface used to deliver the
irrigation advice. The map displays the ratio of crop ET to reference
ET (i.e., crop coefficient image, kc, where red tones indicate low
kc-values); the data and chart panel on the right side display the
weekly crop ET, the effective rainfall values, and the kc chart of the
selected parcel.
TABLE 1 | Benefits and possible valuation methods.
Benefit Impact Valuation method Explanation
Save water and money Optimization of irrigation management Market price method Calculation of cost of saved water due to improved irrigation
management
Save time Increased knowledge and quality of work Contingent valuation Willingness to pay for increased knowledge
Improve decision Information on regional water use No valuation Further collaboration with irrigation associations in the future
Improve water use transparency Allocation of resources and water rights No valuation Further collaboration with the local water authorities in the future
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Results
A total number of 358 irrigation units were registered into
the webGIS system and 30 different farmers contributed in
various ways to the demonstration and evaluation of the project
activities. The participating irrigation units covered an area
of approximately 2000 ha (∼10% of total irrigated area in
Marchfeld) and were distributed over 40 different administrative
districts. The average field size was 5 hectares (ha) and the
crop inventory comprised 33 different crop species. Twenty-two
farmers were engaged in regular face-to-face meetings and 17
farmers provided irrigation volumes for a total number of 46
fields or irrigation units (comprising different crop types, sowing
dates, soil characteristics, and irrigation techniques).
Evaluation of Crop Water Requirements vs. Water
Supply
The comparison was performed for all the irrigation volumes
for the 46 fields collected during the campaign in the year 2013
and included various crops such as Sugarbeet, Maize, Potatoes,
Soya, Onion, Carrots, Spinach, and Peas. Figure 4 shows (A) an
example of satellite-based crop coefficient curves for different
crops, (B) the temporal evolution of the CWR estimated from
satellite vs. the irrigation supplied and (C) the total water
supplied (irrigation + effective rainfall) vs. the water demand.
Figure 5 provides a synthesis of the results. Figure 6 shows
the Total Crop Water Use Indicator (IP). We can notice that
the average value of the IP is close to 1, indicating that the
amount of water supplied is equal to the maximum amount of
water required by crops in the reference time frame. However,
a high variability can be observed for the different irrigation
units and crop types. For example, results indicate that sugarbeet
(number of irrigation units, n = 16) received less water than the
potential requirements (from 0.83 to 0.91 times the maximum
requirements), while Onion (n = 3), Maize (n = 9), and
other vegetables (n = 5) (Carrots, Spinach, and Peas) received
more water than required. For the mentioned vegetables, IP
ranged between 1.47–1.58, 1.15–1.2, and 1.38–1.64. Soya (n = 5)
and Potatoes (n = 8) presented an IP range of 0.98–1.12,
indicating that the maximum water requirements were fully
satisfied. The data indicate that some economic benefit could be
directly achieved by reducing the irrigation volumes. However,
these results are limited to one irrigation season only, which
was particularly dry from middle June to the end of August.
The total reference ET (from May 15th to September 30th 2013)
ranged between 480 and 530mm, with a total rainfall of 300mm.
A more detailed analysis will require considering the irrigation
and the water requirements over multiple seasons before drawing
conclusions on irrigation efficiency in the study area. Regarding
the validation of the crop ETmaps, we evaluated the performance
of the atmospheric correction over multiple seasons and years
(Vuolo et al., 2015b) and the accuracy in the retrieval of LAI
over a wide range of crops (Vuolo et al., 2013, 2015a). In both
cases we achieved good results. Additionally, the crop ET was
directly validated using actual ET measurements based on eddy
covariance data for a maize field during the irrigation season
2014; results (not shown) demonstrated a very good agreement
between measured and satellite-based crop ET.
Qualitative Evaluation
Most farmers expressed a positive interest in the information
(mainly crop evapotranspiration that helps them to make
FIGURE 4 | Examples of (A) satellite-based crop coefficient, (B) Crop Water Requirements (CWR) estimated from satellite vs. supplied irrigation
volumes provided by the farmers, and (C) Total water supplied (Irrigation + effective rainfall) vs. water demand (crop ET).
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decision on irrigation) and the majority of them (54%) also
expressed a general willingness to pay, either directly or via
cost sharing with complementary services. Farmers were asked
about the expected benefits and the value-added information
and multiple answers were possible. The most often mentioned
reason for taking part in the demonstration and evaluation
activities was (i) the determination of the best time for irrigation,
(ii) the interest in new technologies, and (iii) the information
about crop evapotranspiration. Another incentive was the
possibility to observe—by using crop vigor maps—differences in
crop development within a parcel or between parcels planted with
the same crop and under different management practices.
Based on the visualization and interpretation of the crop
vigor maps, farmers expected to prove their long professional
experience and to save money on energy costs for irrigation, on
travels and time necessary to survey all their parcels. Expected
benefits that were mentioned less often included the possibility:
FIGURE 5 | Crop water requirements (CWR) vs. supplied irrigation
volumes for Sugarbeet (number of irrigation units, n = 16), Soya
(n = 5), Potatoes (n = 8), Onion (n = 3), Maize (n = 9), and other crops
(Carrots, Spinach and Peas) (n = 5).
(i) to derive information on soil characteristics, (ii) to improve
the sustainable use of water within the farm, and (iii) to get local
weather information.
The most frequently mentioned issues were that the units
and terminology were difficult to understand. Some farmers
noted that the system is not compatible with their management
structure as they need a period of a few days to irrigate one
field and therefore cannot react immediately on changing water
requirements of the crops. Other farmers had (minor) technical
problems related to lost passwords and the type of internet
browser they used. Distribution of rainfall in Marchfeld strongly
varies and the two weather stations were considered insufficient
to cover the whole area. Sometimes, satellite images with a higher
spatial resolution were expected.
Concerning the decision making process for irrigation, results
indicate that farmers base their decisions on various criteria:
the most frequently listed factors were the actual weather
conditions and the weather forecast. Farmers use various online
platforms to get information about precipitation and wind
direction. In addition, many farmers have their own precipitation
measurement stations within the farm or in field. Another
environmental criterion is the actual condition of the plants,
which is checked personally on site.
Economic criteria also play an important role in the decision
to irrigate crops. The price of the seeds determines the initial
investment and crops with expensive seeds (e.g., onions) are
more frequently irrigated (resulting often in over-irrigation).
The expected market price of the product is another factor to
decide which crops are irrigated. Irrigation itself is expensive with
prices between 0.2–0.5 e per cubic meter depending on the type
of irrigation system. Fuel prices are subject to high variations
and are therefore also a relevant factor in the decision-making
process. To give a practical example, we can consider that 1
hectare (ha) of onion receives about 200mm of water, which is
equivalent to 2000 cubic meters per ha. This leads to a total cost
of 400–1000 e per ha only for irrigation. In addition, farmers
have obligations to fulfill production contracts, which is only
possible with irrigation. For certain crops, they have to assure that
FIGURE 6 | Total Crop Water Use Indicator (Water supply/Potential Water Demand) for Sugarbeet (n = 16), Soya (n = 5), Potatoes (n = 8), Onion (n = 3),
Maize (n = 9), and other crops (n = 5).
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TABLE 2 | Summary of relevant satellite data provides and cost of data.
Data provider Pixel size (m) Price per sq. km Revisit time Notes Cost of EO data for growing
season (10 images)
DEIMOS-1 22 ∼0.15 e 1–3 days Minimum order size 10000 sq. km 15,000 e
SPOT image 10 ∼2.0 e 2–3 days Coverage: 900 sq. km - 1/4 scene 18,000 e
RapidEye 5 ∼1.0 e 1 day Minimum order size: 3500 sq. km;
multiples days might be needed
to achieve full coverage
35,000 e
irrigation on the fields is possible and therefore these crops will be
irrigated first. Another relevant aspect is the personal experience.
Farmers recognized that their habits are difficult to change.
They receive suggestions from friends concerning irrigation
and decisions of their respective neighbors influence their own
irrigation management practices. The capacity of infrastructure
is another constraint. Farmers usually do not have the capacity to
irrigate all their fields, so they have to decide at the beginning of
the season where to place the irrigation infrastructure.
Some of the expectations were completely fulfilled: (i) farmers
confirmed their observations about differences between different
fields with the spatial variability depicted in the satellite-based
maps; (ii) the information on plant development confirmed or
even improved their experience. Some expected benefits were not
achieved within the timeframe of this analysis: the determination
of the best time to irrigate was not permitted by the system as
the farmers had to concentrate on other limiting factors (mainly
technical) due to the dry summer months experienced in the year
2013.
Economic Analysis
Benefits
Farmers were asked whether further optimization of their
irrigation management practices was possible. Only 23% stated
that there were no more margins for optimization whereas 50%
said that further improvements could be achieved by optimizing
the total amount of water requirements and the temporal
frequency and distribution of individual irrigation events. No
general tendency could be found as some farmers claimed to
irrigate too much while others complained about water deficits
of their crops. Carrots and soya were mentioned to be especially
sensitive to water scarcity and therefore require special care in the
future.
To support the decision whether to irrigate or not, farmers
listed various factors: (i) they would like to know the actual status
of the crops on the field without visiting every single plot, (ii)
be able to compare their own experiences with farmers who are
irrigating less, (iii) to know the water need of the plant in different
phases of growing season, or (iv) to have access to more exact
weather forecasts.
Improved irrigation management also has substantial
economic impacts. The running costs for irrigation vary between
around 0.1–0.2 e per cubic meter for irrigation systems powered
by electricity to around 0.3–0.5 e per cubic meter for diesel
systems. The amount of water irrigated therefore has a direct
economic impact on savings. If water is reallocated between
the plots, indirect benefits through higher yields can also be
expected.
The willingness to pay for the provided service was used
as a measure of the value of the system. The majority (54%)
of the farmers indicated a general willingness to pay, either
directly or via cost sharing funding options; 32% did not answer
and 14% expressed no willingness to pay. One quarter of the
farmers indicated a willingness to pay 3 e per ha. A small
percentage would be willing to pay more (5 e/ha) for higher
spatial resolution images and others would be willing to pay only
if costs are shared with complementary services (e.g., fertilizer
and pesticide consultancy services).
Costs
The costs of the service include the initial set-up of the webGIS
and farmer’s database and the cost for satellite data acquisition,
processing and delivery of final maps. These costs can be grouped
in two categories: variable costs (that vary with the number of
hectares and users served) include the initial farmer’s database
implementation and a dedicated customer service. Fixed costs,
for a given service coverage/area, are the main component of
the operative costs and include the satellite data acquisition and
processing.
To calculate operative cost items we consider three
categories: (1) personnel, (2) satellite data, and (3) other
costs. Personnel-effort account for the entire satellite processing
chain that includes: EO data procurement, atmospheric
correction and generation of products, quality control and
calibration/validation activities, agro-meteorological data
elaboration, and maintenance of geo-infrastructures. The
personnel-effort is a fixed cost given a certain region of interest,
duration of the operation and number of images to process.
Other costs include field travel, software licenses, and satellite
data.
Satellite data cost depends on the type of data, minimum
order size and required spatial resolution. Depending on field
size different spatial resolutions are required (i.e., for smaller
field size higher spatial resolution is needed). We use four
satellite data cost scenarios. Table 2 provides an overview
of current commercial satellites (and data costs) that would
be able to provide data for the service in our region of
interest. Considering the minimum order size and length of
the irrigation season (10 images), the cost of the satellite data
per irrigation/growing season would range between 15,000 e
(DEIMOS-1) and 35,000 e with RapidEye. With the availability
of free satellite data from current Landsat-8 (30m pixel size) and
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FIGURE 7 | Service cost per hectare (ha) and per growing season.
upcoming Sentinel-2 missions (10–20m pixel size), we foresee
minimum need for commercial data, therefore the cost will be
notably reduced.
Using commercial satellite data at 10–30m pixels size, the
service cost ranges between 65,000 and 68,000 e per growing
season. The cost of the satellite data would comprise about 25%
of the total cost of the service. If very high spatial resolution data
(e.g., 5m pixel size) are needed (e.g., to cover higher level of
field fragmentation—smaller parcels), the cost of the satellite data
would reach around the 40% of the total cost.With the availability
of free satellite data from the upcoming Sentinel-2 mission (at
10–30m spatial resolution), we foresee an average service cost
of about 50,000 e per growing season. This cost will be further
reduced with the automation of various processing steps as for
instance atmospheric correction (Vuolo et al., 2015b).
Using the four data cost scenarios and the extent of the region
of interest (Marchfeld), we calculated the total cost of the service
for an entire growing season. A summary graph is provided
in Figure 7. Taking into account only the 20,000 ha that are
regularly irrigated in the region of Marchfeld (Neugebauer and
Vuolo, 2014) and depending on the type of satellite data used, the
service would have an estimated cost ranging between 2.5 and 4.3
e/ha per year. Instead, considering the total area of theMarchfeld
region (40,000 ha) and the use of free data (possible with Landsat-
8 and Sentinel-2 in operation), the service would have a cost of
approximately 1.3 e/ha per year. In the first case, the cost of the
service would be equal or below the willingness to pay expressed
by most of the users (3 to 5e/ha per year). In the second case, the
cost of the service would be substantially below the willingness to
pay, which allows for revenue generation.
In comparison: irrigation costs range between 400 and 1000
e/ha per year for a typical irrigation volume of 2000 cubic meters
per ha. With a correct irrigation application, more than 10% of
the water and energy could be saved in water-intensive crops,
which is equivalent to an economic benefit of 40–100 e/ha per
year.
It is worth noting that the benefit analysis only includes the
farmer’s perspective and does not consider the benefit derived
from more efficient use of environment and water resources. We
did not consider the social and environmental benefits because
they can vary widely and their quantification is beyond the scope
and resources available within this work. Therefore, we expect
even a larger net economic benefit for society than the one
estimated here. Social and environmental costs express the value
of water allocation to alternative users (e.g., opportunity costs
associated with urban and industrial water use) and the impact
on water resources, pollution, soil degradation, and landscape
modifications due to intense irrigated agriculture, while our
financial analysis is based only on the on-farm costs that farmers
generally pay for water as well as for any other production
costs, such as seed, machinery, labor, and maintenance. The
literature indicates that these two categories of costs (social and
environmental) are far from being negligible.
Conclusions
The adoption of better irrigation practices requires information
technologies and tools that can be easily embedded into existing
systems and that can fully respond to the user needs. Research
and demonstration activities (this project and other case studies
such as DEMETER, PLEIADeS, and SIRIUS-GMES EU projects),
show that satellite-based irrigation advisory services can be
successfully implemented in different environments and, once in
place, can contribute to assessments of crop water requirements
in a spatially, timely, and cost-efficient way. Current information
technologies (webGIS and smartphones) support the delivery of
irrigation advice to farmers in a user-friendly environment and
in a timely manner. The combination of satellite-based mapping
tools and webGIS/smartphone devices provides the basis for
better and more informed decision over a variety of spatial and
temporal scales. The final decision is then taken knowing local
system components and management constraints. This implies a
strong commitment by users and is contingent on the assumption
that irrigation will be managed to achieve a specific target, for
example maximum water use efficiency, yield, or profitability.
This assumption seems valid in many intensive irrigated areas
since farmers are interested in reducing operating constraints and
costs, maximize or stabilize yield and, at the same time, maintain
sustainability and environmental efficiency.
Our work contributed to evaluate the implementation and
functioning process of a satellite-based irrigation advisory service
in a very different environment compared to precursors systems
running already in Mediterranean countries (e.g., Irrimet6), in
Australia (e.g., Irrieye7) or in California (TOPS8). We calibrated
and validated the models to derive crop biophysical variables
using ground measurements (Vuolo et al., 2013), performed
the demonstration and evaluation with a group of farmers and
completed the adaptation of mapping and data dissemination
technologies; finally, we assessed the benefits and costs of the
service. An estimation of the net economic benefit was also
obtained and presented in this study. Results confirm that the
adoption of new space-based solutions for crop and irrigation
water management is a complex process and favorable conditions
6www.irrimet.eu/
7www.irrieye.com/
8ecocast.arc.nasa.gov/dgw/sims/
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FIGURE 8 | Mobile app: map and data visualization panel. The
farmer can connect using user name and password to the list of
subscribed parcels and display the latest crop coefficient map (red tones:
low values), along with irrigation management parameters
(evapotranspiration, rainfall, provided irrigations). The graphs show the
crop water stress level based on the FAO-56 soil water balance model
(which is activated only if irrigation inputs are provided) and the fraction of
vegetation cover for the parcel.
depend on several aspects; creating the connection with the users
and embedding new solutions into standard practices remains
the most critical issue. Therefore, our approach has been based
on establishing a local network and on intensive work with the
users since the very beginning. This way of implementing has
contributed to create distinctive results and has contributed to
stimulate and build local capacities and, potentially, to create job
opportunities in the future.
Feedback from final users is essential to improve the
effectiveness of the service in terms of water use optimization,
especially during the early stage of service implementation.
In our opinion, a continuous effort will still be necessary to
transfer, tune, and demonstrate these technologies in different
environments and to adapt them to new challenges with the
participation of the final users. Only with this approach we
expect satellite technologies to become an integral part of existing
management systems and bring real benefits.
Outlook
Different irrigation management strategies are possible.
For example, one may use satellite-based technologies for
management of water-intensive crops. In that case, irrigation is
optimized so that the crops produce at their maximum potential.
A different irrigation strategy is to seek a compromise between
cost of irrigation and loss of production. In this case, farmers
irrigate their crops at the limit of the water stress conditions,
to reduce costs and limit yield lost (Fereres and Soriano, 2007).
This irrigation technique is adopted to optimize economic and
technical resources, which are often limited.
In the Marchfeld, the latter irrigation approach is more
prevalent. For instance, winter cereals or maize are irrigated only
in dry years to avoid excessive yield losses. In these situations,
crops grow under limited water availability, and irrigation water
is applied only to supplement scarce rainfall. The decision
whether to irrigate or not, when and how much, is a critical issue
for farmers and it is often based only on personal experience.
Monitoring the daily soil water balance is the first steps toward
the implementation of these irrigation strategies. The approach
necessitates the development of operative frameworks to run
a soil water balance model at parcel level and to collect in
near-real-time information on irrigation volumes applied by
farmers. These technical requirements reflect and complement
the requests of the users to adapt the existing webGIS system
to (i) manually enter and store in the database the amounts of
rainfall and irrigation volumes and use the system as a logbook
for their management activities; (ii) access the information via
smartphones to save time and have full mobility and (iii) receive
alerts via SMS if particular stress conditions are met. To respond
to this request, we developed an application for smartphones
based on Sencha Touch9, a software development framework
9www.sencha.com/products/touch/
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FIGURE 9 | Data input panels (A,B) and weather data (C). Using
panel (A) farmers can change the crop and irrigation type, dates of
planting and harvest, crop yield. In (B) farmers can log their irrigation
(used for the soil water balance) and fertilizer applications; this also
helps to keep the history of the parcel and management. In (C) 7-day
weather forecast are displayed; we use data obtained from Open
Weather Map community but any type of local weather data can be
used.
for mobile applications that can be deployed on iOS, Android,
BlackBerry, Windows Phone systems. The application shares
the same mapping and database infrastructure of the desktop
version of the existing webGIS and therefore maintenance and
operational efforts are minimized. It consists of (i) a main panel
for map and data visualization (Figure 8) with the information
(crop ET, rainfall and irrigation) aggregated to daily, 7-day and
from the start of irrigation; ii) a data input panel (Figure 9),
where users can log parcel-specific management activities such as
irrigation volumes and crop type; and (iii) 7-day weather forecast,
currently based onOpenWeatherMap10 services. The new system
also includes a calculation module to assimilate ET raster maps
in a simple soil water balance model (FAO-56), which activates
if the farmer inserts the minimum set of inputs (irrigations and
crop type) for the parcel under monitoring. The application will
be deployed during the growing season 2015 for a first evaluation
with users.
10openweathermap.org/
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